Aims Our aim was to clarify the location and structure of the outlet septum relative to the free-standing subpulmonary infundibulum in the setting of tetralogy of Fallot and to examine its relationship to the other components of the subpulmonary outflow tract, determining their potential influence on clinical outcome.
Introduction
Although the anatomical features of tetralogy of Fallot are well recognized, disagreement remains as to the basis morphology of this congenital lesion. At the centre of the continuing argument has been the dimensions of the subpulmonary infundibulum, and the potential contribution of infundibular morphology to morphogenesis. Van Praagh and colleagues [1] have long claimed that the principal anatomical feature of tetralogy of Fallot is overall hypoplasia of the subpulmonary infundibulum, including its length. Previous morphological studies by Becker and colleagues [2] , subsequently confirmed by Howell et al. [3] , whilst confirming that the subpulmonary infundibulum was narrower in tetralogy of Fallot, showed its length to be increased in comparison with the normal heart. Geva et al. [4] , in a recent echocardiographic study, produced findings which they claimed supported the earlier concept [1] , namely that the subpulmonary infundibulum in Fallot's tetralogy was shorter compared with normals. One reason for these continuing disagreements is failure to distinguish between the two distinct components of the subpulmonary infundibulum in tetralogy of Fallot, namely the muscular outlet septum which separates the subpulmonary from the subaortic outflow tracts within the ventricular mass, and the free-standing subpulmonary infundibulum. A distinction between these two components has not yet been made in any anatomical study [1] [2] [3] . The free-standing infundibulum is a tube of ventricular muscle which is related to the aortic sinuses, but separated from them by extracardiac space. Only this free-standing tube can readily be distinguished as a discrete entity in the normal heart, making difficult meaningful comparisons with abnormal hearts where the outlet septum is recognized in its own right. These distinctions are also pertinent to analysis of patients with the so-called Eisenmenger type of ventricular septal defect. It is known that such patients have comparable morphological features of the outlet septum relative to the ventricular septal defect, but that they do not develop obstruction within the right ventricular infundibulum [5] . The aim of our study, therefore, was to ascertain the arrangement of the outlet septum and subpulmonary infundibulum in the setting of Fallot's tetralogy, and to compare these features with those seen in patients with the Eisenmenger type of ventricular septal defect, and with the infundibular arrangement found in the normal heart.
Patients
We studied prospectively with cross-sectional echocardiography 41 consecutive patients with tetralogy of Fallot seen at the Royal Brompton Hospital prior to complete surgical repair, and 15 patients with the Eisenmenger type of ventricular septal defect who underwent surgical closure during the same period (January 1995-December 1996). Patients with coexisting pulmonary atresia, double outlet ventriculo-arterial connection, and atrioventricular septal defects with common atrioventricular junction, were all excluded. We also studied 20 normal controls, matched for age and sex with the patients having Fallot's tetralogy, chosen randomly from patients with innocent heart murmurs attending our echocardiographic clinic. In addition, we examined eight autopsied hearts with uncorrected tetralogy of Fallot, and 13 specimens of the Eisenmenger type of ventricular septal defect. These hearts were available in our cardiopathological collection at the National Heart & Lung Institute, and were compared with 20 dissected normal hearts also lodged in the collection.
Methods
Background clinical and surgical information was obtained from the medical records.
Cross-sectional echocardiography
Transthoracic echocardiographic examination was performed (prior to surgical repair) with a Hewlett-Packard Sonos 1500 Ultrasound System, using a 7·5, 5·0 or 3·5 MHz transducer. Intra-nasal midazolam was used for sedation in two patients. Following routine diagnostic cross-sectional and Doppler examination, particular attention was paid in obtaining satisfactory subcostal right anterior oblique and parasternal short axis views. Studies were recorded on super VHS videocassette tapes. Selected still frames were employed for subsequent measurements, using the built-in digitizing equipment. The right anterior oblique view was used for all measurements of the musculatures surrounding the right ventricular outflow tract. The apical four-chamber view was used for determining the diameter of the tricuspid valvar orifice and the right ventricular length (measured from the atrioventricular junction to the right ventricular apex). The views obtained in the parasternal short axis, and from the suprasternal notch, were used for measurements of the diameters of the pulmonary valve and the pulmonary arteries. The subpulmonary outflow tract was divided into its two components (outlet septum and free-standing infundibulum) according to the location of the nadir of the hingepoint of the aortic valvar leaflets (Fig. 1) . Maximum thickness was measured at any level of these two structures, and planimetry was used to assess cross-sectional area. The superoinferior, and left-to-right, deviation of the outlet septum were taken in reference to the angle of its long axis relative to the long-axis of the right ventricular outflow tract. Measurements were expressed in degrees of rotation, with 0 degrees being in the long axis of the right ventricular outflow tract (Fig. 2) . Positive values represented anti-clockwise rotation of the outlet septum as seen in the right anterior oblique view. Because of the inability to recognize any discrete muscular structure specifically separating the subpulmonary infundibulum from the cavity of the left ventricle in the normal heart, as opposed to the cavity of the aortic valvar sinuses, it was not possible to make these measurements in the normal hearts. In the abnormal hearts we noted the narrowest point of the subpulmonary outflow tract, allowing for assessment of the maximum thickness of the septoparietal trabeculations. Measurements of the orificial diameter of the pulmonary valve were made just below the lowest part of the hingepoints of the valvar leaflets from the subpulmonary infundibulum, and at the level of the sinutubular junction. The maximum diameter of the pulmonary trunk (at any level from the sinutubular junction to the bifurcation), and the orificial diameters of the right and left pulmonary arteries, were measured in the standard manner. Systolic frames were used (immediately after opening of the aortic valve for the right anterior oblique and parasternal short axis views). Three measurements were made, and the average value was employed for analysis. All echocardiographic measurements were indexed for body surface area (linear measurements to the square root of body surface area and cross-sectional area measurements to body surface area). They are presented in the indexed form in the results and tables. Intra-and inter-observer variability with regard to measured length, thickness, cross-sectional area and angle of the outlet septum was examined by two independent observers blinded from the clinical data. Each observer analysed eight echocardiographic data sets randomly chosen from the group of patients with Fallot's tetralogy.
Morphology
Autopsied hearts were examined in planes resembling the standard echocardiographic views. The same measurements, apart from estimation of cross-sectional area, were made as far as possible in comparable manner (Fig. 3) . Data for body surface area of the patients from whom the hearts were obtained was incomplete, so morphological measurements were indexed for tricuspid valvar diameter.
Statistics
Data analysis was performed using the SPSS for Windows software (Version 7·0). Descriptive data for continuous variables are presented as mean SD. Student's t-tests were used to compare normally distributed variables. Regression analysis was performed using the method of least squares. The level of significance was set at 0·05.
Results
Basic clinical characteristics of the two groups of patients, the healthy controls and the autopsied hearts are presented in Table 1 . There were no peri-operative deaths.
Cross-sectional echocardiographic measurements
The percentage difference in measurements of the length, thickness, cross-sectional area, and degree of deviation of the outlet septum for the random sample of eight 
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patients with Fallot's tetralogy ranged from 3-14% for within-observer, and from 2-15% for between-observer variability. Detailed echocardiographic data from the three groups are presented in Table 2 . When patients with Fallot's tetralogy were compared to healthy controls, the outlet septum was recognizable as a structure with length and thickness within the hearts of patients with tetralogy. Such a structure could not be distinguished from the remainder of the muscular septum in the normal population (Fig. 3) . When assessing only the length of the free-standing subpulmonary infundibulum, this was significantly longer in the normal patients (1·46 0·34 vs 0·89 0·35, P<0·001). Maximal thickness of the infundibulum, however, was greater in the patients with tetralogy of Fallot. This feature, in combination with the hypertrophied septoparietal trabeculations, produced the muscular subpulmonary stenosis. When the length of the outlet septum was combined with that of the free-standing infundibulum, the value of the overall length of the subpulmonary outlet was significantly longer in the patients with tetralogy of Fallot as compared to the length of the free-standing subpulmonary infundibulum in normals (2·34 0·6 vs 1·46 0·34, P<0·001). The diameters of the pulmonary valve and pulmonary trunk, as expected, were smaller in the setting of Fallot's tetralogy, whereas the diameters of the left and right pulmonary arteries were closer to normal values. The presence of a left modified BlalockTaussig shunt in 12 patients with tetralogy of Fallot may have affected growth, explaining why, on average, there was no difference in the size of the left pulmonary artery between patients with Fallot's tetralogy and healthy controls. There were significant correlations within the group of patients with Fallot's tetralogy between the degree of deviation of the outlet septum (r= 0·61, P=0·002) and the diameter of the pulmonary valve (r=0·75, P=0·001), and the dimensions of the pulmonary trunk, respectively (Table 3) . When the 20 patients who required a transannular patch as part of the repair were compared to the 21 patients who did not, those needing a transannular patch had a significantly smaller pulmonary trunk (1·1 0·38 vs 1·45 0·3, P<0·02). In addition, there was a tendency toward a smaller diameter of the pulmonary valve in those requiring a transannular patch (0·78 0·21 vs 0·99 0·44, P=0·09). No significant differences were found between the two subgroups with regard to the overall dimensions of the outlet septum.
The main difference between patients with the Eisenmenger type of ventricular septal defect and those with tetralogy of Fallot was the absence of narrowing of the subpulmonary infundibulum in those with the Eisenmenger ventricular septal defect (Fig. 1) . The malaligned outlet septum in the Eisenmenger type of ventricular septal defect was relatively long and thick, as in the patients with tetralogy. There was, however, no anterocephalad deviation -in terms of counterclockwise rotation of the outlet septum relative to the long axis of the right ventricular outflow tract -nor was there as marked hypertrophy of the septoparietal trabeculations. As a result, the substrate for development of muscular subpulmonary stenosis was lacking in the patients with Eisenmenger ventricular septal defect. The pulmonary valve and pulmonary arteries were dilated, compared to patients with Fallot's tetralogy and healthy controls, due to the excessive pulmonary arterial flow.
Morphological measurements
The values obtained from the specimens confirmed those of cross-sectional echocardiography ( Table 4 ). The main difference between the hearts showing Fallot's tetralogy and those with an Eisenmenger type of ventricular septal defect was the lack of narrowing of the subpulmonary infundibulum in the latter group (Fig. 4 ). There were no other discernible differences in the structure of the right 
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ventricular outflow tract between the two groups. The pulmonary valve was significantly smaller, however, and there was a tendency for a smaller pulmonary trunk, in those with tetralogy of Fallot. There were no statistically significant differences between the two groups with respect to the dimensions of the left and right pulmonary arteries. This reflects, in part, the small numbers suitable for measurement (4 and 7 respectively). It also shows that, in 'simple' Fallot's tetralogy, the branches of the pulmonary trunk are not significantly hypoplastic.
Discussion
Our echocardiographic and morphological data support the view that the morphological substrate for tetralogy of Fallot is anterocephalad deviation of the malaligned outlet septum which, in combination with hypertrophy of septoparietal trabeculations, leads to narrowing of the subpulmonary infundibulum. In our investigation, this was tested not only against healthy controls, but also against patients with the Eisenmenger type of ventricular septal defect. Our findings confirm earlier studies [5] showing that the infundibular morphology of Eisenmenger ventricular septal defect is indistinguishable from Fallot's tetralogy apart from the narrowing of the subpulmonary infundibulum.
In contrast to the findings described in a recent study by Geva et al. [4] , and previous suggestions from Van Praagh and his colleagues [1] , we were unable to detect any shortening in the overall length of the narrowed subpulmonary outflow tract in our patients with Fallot's tetralogy compared to normals. Although the extent of the free-standing infundibulum was significantly shorter in patients with Fallot's tetralogy, the total length of the subpulmonary outlet, representing the extent of the infundibulum combined with the length of the outlet (infundibular or conal) septum within the cavity of the right ventricle, was significantly longer than in normals. In the studies of Geva et al. [4] , and of Van Praagh and associates [1] , no distinction has been made between the outlet septum and the free-standing subpulmonary infundibulum. Yet, without distinguishing between the two, it is not possible to compare the abnormal with the normal. The outlet septum, defined as the muscular structure which, within the ventricular cavity, separates the subaortic from the subpulmonary outlets, can be defined only in the presence of a ventricular septal defect. In the setting of tetralogy of Fallot, and also in the Eisenmenger type of ventricular septal defect, this septum is an extensive structure, albeit within the cavity of the right ventricle rather than between the ventricles (Figs 1 and 4) . The free-standing subpulmonary infundibulum, which forms the distal component of the subpulmonary outlet in tetralogy, is the sleeve of muscle located between the cavity of the subpulmonary outlet and the extracardiac space, being related posteriorly to the aortic valvar sinuses rather than the cavity of the left ventricle (Fig. 4) . This free-standing infundibular sleeve exhibited considerable length in Fallot's tetralogy, but was longer in healthy controls because it represented the full extent of the normal subpulmonary outlet. But no part of the infundibular tube can be likened to a true septum. This distinction, between a discrete intracardiac muscular septum and the free-standing sleeve of subpulmonary infundibulum, which we failed to make in our earlier studies [2, 3] , has more than academic implications. It has obvious surgical significance. Excessive resection of the hypertrophied body of the outlet septum can place at risks the aortic valvar leaflets which are supported on its left ventricular surface. In contrast, should incisions be extended towards the pulmonary valvar leaflets, the risk is then courted of exiting the heart and damaging the adjacent aortic sinus. This distinction of the proximal and distal components of the subpulmonary infundibulum has further implications for previous disagreements. In essence, the arrangement of the right ventricular outlet musculature seen in tetralogy of Fallot represents failure of the various 'building blocks' of the developing outflow tracts to coalesce and form the normal supraventricular crest. It is an easy matter to distinguish the free-standing subpulmonary infundibulum in the normal heart, and to identify its area of fusion with the muscular ventricular septum, the latter being reinforced by the septomarginals trabeculation (septal band) at the septal aspect of the union (Fig. 3(a) ). This produces the well recognized arrangement of the supraventricular crest inserted between the two limbs of the septomarginal trabeculation. Virtually the entirety of the supraventricular crest, however, is formed of parietal rather than septal ventricular musculature. The larger part is the structure which we have previously defined as the ventriculo-infundibular fold [7] (Figs 1(c) and  3(b),(c) ). This muscular crest is bordered on its epicardial aspect in part by the transverse sinus, containing the right coronary artery, but also by a virtual tissue space separating the subpulmonary infundibulum from the aortic sinuses. It is not possible, in the normal heart, to distinguish separate components within the muscular ventricular septum itself.
Recognition of these anatomical relationships, well seen in echocardiographic images, brings into focus several important features (Fig. 1) . First, there is just as Osa=os/free right ventricular wall angle; PVb=diameter below the pulmonary valve; PVa=diameter at the sinutubular junction; RPA=right pulmonary artery; LPA=left pulmonary artery; ns=not significant; Os=outlet septum. 
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much 'off-setting' of the leaflets of the arterial valves at the ventriculo-arterial junction as there is of the hinges of the atrioventricular valves at the septal atrioventricular junction. Second, the long axes of the two ventricular outflow tracts are almost at right angles to each other. Third, the aortic sinuses are related spatially, in part, to the cavity of the right ventricular infundibulum, but the leaflets of the normal aortic valve are, of necessity, attached exclusively within the left ventricle. It is potentially misleading, therefore, to suggest that this usual arrangement represents 'overriding of the aortic valve [9] . In our opinion, overriding is better defined on the basis of biventricular connection of the aortic valvar leaflets [10] . This arrangement, self-evidently, can be seen only in abnormal hearts. In Fallot's tetralogy, due to the abnormal development, each of these various building blocks can be recognized in its own right [7, 11] . The outlet septum is malaligned relative to the muscular ventricular 
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the septomarginal trabeculation determines whether the right ventricular margin of the ventricular septal defect is, in part, fibrous or entirely muscular [12] . Sectional studies, both echocardiographic and morphological, then show that it is possible to distinguish the outlet septum from the rest of the muscular ventricular septum in tetralogy of Fallot. It is seen as a discrete muscular structure located exclusively within the cavity of the right ventricle. The sections also show that the septum is continuous distally, beyond the hinge of the leaflets of the aortic valve from the aortic sinuses, with the posterior margin of the free-standing sleeve of subpulmonary infundibulum. This arrangement is seen in both tetralogy of Fallot and in the Eisenmenger type of ventricular septal defect. The insertion of the outlet septum relative to the anterior limb of the septomarginal trabeculation is comparable in the two lesions, and is responsible for the so-called malaligned ventricular septal defect [12] . The connection of the outlet septum in ring-like fashion with the hypertrophied and septoparietal trabeculations produces the 'os' of the infundibulum, and distinguishes between Fallot's tetralogy and Eisenmenger variations (Fig. 5) . We should also emphasize that, although the overall extent of the subpulmonary infundibulum, as measured from the os, is unequivocally longer in hearts with Fallot's tetralogy than in the normal heart, its volume is significantly less than normal because of its narrowness.
The inverse relationship between the degree of anterocephalad deviation of the outlet septum and the size of the pulmonary trunk in patients with Fallot's tetralogy suggests that this deviation is not only the morphogenetic 'essence' of the tetrad, but may also affect the growth of the pulmonary arteries. Linear correlations were identified between the dimensions of the pulmonary valve, pulmonary trunk and right pulmonary artery, suggesting a possible interrelationship between the size of these structures and the development of the pulmonary arterial tree. In this respect, Hornberger et al. [13] , in a recent serial echocardiographic study of pulmonary arterial growth in Fallot's tetralogy, found hypoplasia of the pulmonary trunk at the initial fetal examination to be a consistent feature in fetuses with more severe post-natal obstruction of the right ventricular outflow tract. The relationship between the type of surgical reconstruction of the right ventricular outflow tract and pulmonary trunk is also of interest. In our Institution, the preferred surgical approach is construction of a modified Blalock-Taussig shunt in symptomatic patients seen before the age of 6 months, and elective primary repair between 6 and 18 months of age [14] . Transannular patching, as encountered in this current study, bore no direct relationship to the dimensions of structures within the right ventricle, such as the outlet septum or septoparietal trabeculations. In contrast, hypoplasia of the pulmonary trunk, and perhaps more severe degrees of pulmonary valvar stenosis, seemed to predispose to the need of augmentation with a patch. The exact substrate, morphological or other, necessitating incisions across the ventriculo-pulmonary junction remains unclear. It may be that other factors, such as timing of repair, the dimensions of the pulmonary arterial tree, and the preference of different surgeons, also play a role. Further research is clearly needed in this area. It is also the case that some individual patients, or hearts, can show hypoplasia of the outlet septum and subpulmonary infundibulum, indicating that Fallot's tetralogy represents a spectrum of anatomical malformations. Our measurements show unequivocally, nonetheless, that the subpulmonary infundibulum, when measured from the tip of the outlet septum, is elongated rather than shortened within the overall group. We conclude that it is the position of the outlet septum, combined with its relationship to the remainder of the muscular subpulmonary infundibulum, that represents a hallmark of Fallot's tetralogy, allowing its differentiation from both Eisenmenger ventricular septal defects and the normal heart.
Limitations of the study
In the interest of simplicity, we chose standard echocardiographic views with which to make our measurements. In addition, we employed comparable sections for our morphological measurements, thus allowing for relative comparisons of the findings from the two parts of our study. No attempts were made for direct comparisons between the echocardiographic and morphological data, however, as they represent two different modes, and have been indexed in different ways. There are potential problems in making accurate echocardiographic measurement of the structures forming the right ventricular outflow tract and pulmonary arterial tree. Intraand inter-observer variability in this study, however, was acceptable. It should also be noted that, when problems of nomenclature are excluded, our findings were remarkably similar to those of Geva and his colleagues [4] . The major point which emerges from our study is the need to distinguish between septal and free-standing infundibular structures.
